A method was developed using sucrose gradients containing acrylamide which greatly simplifies the measurement of the polysomal distribution of messages. After centrifugation, the acrylamide was polymerized, forming a "polysome gel". RNA gel blots of polysome gels were used to determine the polysomal distributions of a-tubulin and total polyadenylated mRNA in growing, starved (nongrowing) and starved-deciliated Tetrahvmena and the number of messages loaded onto polysomes was calculated. These measurements indicated that the translational efficiencies of a-tubulin mRNA and total polyadenylated mRNA are largely unaffected when the rates of tubulin and total protein synthesis vary dramatically. Thus, differential regulation of atubulin mRNA translation initiation does not contribute to the >100-fold induction of tubulin synthesis observed during cilia regeneration and in growing cells. The major translation-level process regulating tubulin synthesis in Tetrahymena appears to be a change in message loading mediated by a non-specific message recruitment or unmasking factor.
INTRODUCTION
The efficiency of mRNA translation (polypeptides produced per mRNA per unit time) and the efficiency of mRNA loading onto polysomes are two important factors determining the level of expression of genes. A common approach to evaluating these parameters for a specific message employs sucrose gradient centrifugation to measure the size of polysomes translating the message and the polysomal and nonpolysomal distribution of the message. The analysis of material separated by sucrose gradient centrifugation is tedious. Specific messages or proteins must be assayed in each gradient fraction requiring many parallel determinations to be performed for each experiment We have developed a technique which greatly simplifies the assay of message distributions in sticrose gradients. Sucrose gradients containing acrylamide can be used to separate polysomes. After centrifugation the acrylamide can be polymerized and RNA (or protein) can be blotted from the "polysome gel" to filters by conventional techniques. The resulting polysome gel blots can be probed with gene (or antibody) probes to locate messages in the image of the sucrose gradient transferred to the filter.
We have employed polysome gels to examine the efficiency of tubulin mRNA translation in starved (nongrowing), growing and starved-deciliated Tetrahvmena. After deciliation starved Tetrahvmena regenerate cilia and tubulin synthesis is increased more than 100-fold while the overall rate of protein synthesis increases about 10-fold (1, 2) . In starved Tetrahvmena only 4% of total messages are loaded on polysomes, compared to 30% in regenerating cells and 60% for growing cells (1, 3) . Our previous studies showed that for total messages the average number of ribosomes per polysomal message (N), a measure of translational efficiency, is similar in starved, starved-deciliated and growing cells although message distributions on polysomes were not analyzed directly. However, it remained possible that changes in the translational efficiencies of individual messages occurs after dcciliation of starved cells or in growing cells (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . The direct measurements of N for a-tubulin mRNA reported here show that changes in translational efficiency arc not involved in the regulation of tubulin synthesis in Tetrahvmena: the translational efficiency of a-tubulin message is relatively high under all conditions. Together with previous data, the measurements of N for a-tubulin allow the number of a-tubulin mRNAs loaded on polysomes in starved, starved-deciliated and growing cells to be calculated.
MATERIALS AND METHODS Cell Growth. Starvation. Deciliation and Labeling of Nascent Polvpeptides
Tetrahvmena thermophila were grown, starved and deciliated and nascent polypeptides were labeled with ^H-leucine and 3H-lysine as described previously (1, 3, 19, 20) . Polvsome Gels Linear sucrose gradients containing 15-40% (w/v) sucrose (Ultrapure, Schwartz/Mann), 20 mM KAc, 50 mM MgCl2,1 Hg cycloheximide (Sigma) /ml, 50 mM Tris-HCl pH 7.4,3% (w/v) acrylanride (BioRad), 0.08% bisacrylamide (BioRad), 0.02% (w/v) ammonium persulfate (Fisher) and 0.1% (w/v) TEMED (Sigma) were prepared at 4°C and stored on ice for up to 1/2 hr. Gradients were loaded with 100 to 200 (il of cytoplasmic extracts or with Bio-Gel A15m purified polysomes (3) and centrifuged for 1 hr at 42K rpm in a Beckman SW 50.1 rotor at 0°C. To polymerize the acrylanride after centrifugan'on, tubes (in buckets) were immersed in a 35°C water bath for about 0.5 hr. We strongly recommend that the minimum concentrations of ammonium persulfate and TEMED required for adequate polymerization be recalibrated by each investigator Polysome gels were usually fixed in 40% glyceroL 2^% acetic acid and 10% v/v methanol and could be stored at 2-4°C for over one year without detectable loss of resolution or of RNA or protein. In some experiments, sucrose gradients were not polymerized. Instead, polysome profiles were obtained by scanning at 254nm with an ISCO model UA-5 spectrophotometer and continuous flow cell (1) and fractions were collected. After this work was completed a brief description of similar polysome gels was published (32) .
Preparation of Gels for Blotting
Polysome gels in 40% glycerol, 2.5% acetic acid and 10% methanol were frozen at -80°C and cut longitudinally with a microtome Made into three to four slices. The gels were then washed with vigorous shaking five times for 1/2 hr using 100 ml of 25% glycerol, 10 mM Tris-HCl, pH 7.4 per slice.
FOT blotting protein to nitrocellulose, polysome gels were placed in 100 ml of 2% sodium dodecylsulfate (SDS), 5% P mercaptoethanol (BME), 25% glycerol, 50 mM Tris-Hd, pH 7.4 for 1.5 to 2 hr. and then washed with 100 ml of 25% glycerol, 25 mM sodium phosphate buffer, pH 7.0 (PB) until ready for embedding in agarose (see below).
For blotting RNA to derivitized Whatman 1 paper (DPT paper, prepared exactly as described by Seed, 21) polysome gels were placed in 25% glycerol, 0.1 M Tris base for 2 hr. to improve transfer efficiency by slightly degrading RNA. The polysomc gels were then washed two times for 1 hr. each in 25% glycerol, 0.2% SDS, 25 mM PB, followed by a final wash in 25% glycerol, 25 mM PB.
To facilitate handling and to prevent sticking of the acrylamide gel to the blotting paper, polysome gel slices were embedded in 2% agarose, 25 mM PB using a rectangular plastic box. The thickness of the agarose gel was just equal to that of the polysome gel slice, usually about 3 mm. Electrophoretic Blotting RNA or protein was blotted to nitrocellulose or DPT paper in an electrophorctic transfer apparatus from E. C. Apparatus Co. Blotting was done at 4°C in 25 mM PB at 1.2-1.5 Amp for 0.5 hr. (proteins) or 1 hr. (RNA). To detect bulk protein nitrocellulose filters were stained with amido black (22) and radioactive proteins were detected by fluorography using spray Enhance (New England Nuclear). RNA gel blots to DPT paper were neutralized in 0.1 M Tris, pH 7.8, 1 mM EDTA, 2% glycine overnight at room temperature. Hybridizations RNA gel blots were probed with 3 2 P-labeled poly U as described previously (1, 23) .
Histone probes (yeast H4 and Tetrahvmena recombinant histone clone X GB508) were prepared and hybridized to polysome blots as described in Bannon et al., (23, 24) . The yeast H4 probe was the generous gift of M. M. Smith. Tubulin clones were prepared and used as described in Callahan et al. (25) .
RESULTS
Analysis of Profiles of Polvsomes from Growing. Starved and Starved-Dcciliated Cells Using Polvsome Gels The effects of including acrylamide, ammonium persulfate or TEMED in sucrose gradients used to analyze polysomes from growing cells were tested separately. Although 3% acrylamide slighdy reduced the overall distance sedimented by each polysome size class, it was clear that, individually, acrylamide gel components did hot detectably degrade polysomes or affect the resolution of the gradients (Figure 1) . Also, no evidence of polysome degradation was obtained in gradients (shown below) containing all three components. The acrylamide used in gradients must be of high purity and stock solutions of acrylamide stored at 2-4°C should be no more than 3-4 weeks old. We have found that freshly prepared stock solutions of acrylamide: bisacrylamide (30:0.8%) purchased from BioRad are about pH 7. Old acidic stock solutions or impure CM SEDIMENTATION * preparations of acrylamide degrade polysomes.
Large differences in ribosome loading onto polysomes, previously reported for growing, starved and starved-deciliated Tetrahvmena (1,3), were also demonstrable using polysome gels ( Figure 2) . While a low level of polysomes was detected in the coomassie stained polysome gel shown for starved cells in Figure 2 , the size distribution of polysomes in starved cells was more readily visualized when nascent polypeptides were labeled with ^H-leucinc and ^H-lysine, transferred to nitrocellulose and detected by fluorography. As shown in Figure 3 , nascent protein labeling was not detected in monosomes of starved ( Figure 3Q or starved-deciliated cells ( Figure  3F ) and the size of polysomes under each condition is comparable to that in growing cells ( Figure  2 ). The protein blots shown in Figure 3 nascent proteins from polysome gels to nitrocellulose filters. The method to transfer RNA is illustrated in Figure 3 (G, H). In this experiment, RNA in growing cells was labeled in. vivo with 3H-uridine, transferred from the polysome gel and detected by fluorography. Note that the mottled appearance of the fluorogram shown in Figure 3H is due to reaction of the X-ray film with scintillation agent not uneven transfer of RNA to the filter. The efficiency of transfer of RNA and proteins from polysome gels to filters ranged from 28 to 52%, and was principally limited by the thickness of the gels.
The Median Number of Ribosomes per Loaded Polvadenvlated Message (H)
Determination of the median number of ribosomes per loaded message (N) is important in calculations of translational efficiency. As shown previously (1), the rate of polypeptide elongation (K^), the size of newly synthesized polypeptides (L) for Tetrahvmena and N can be used to estimate the rate of message initiation (Kj) at steady state from equation 1:
Previously estimates of N for bulk messages were obtained indirectly by converting the distribution of ^H-nascent polypeptides on polysomes to a message number distribution. A direct estimate of N for polyadenylated messages of growing, starved and starved-deciliated cells (70 min after deciliation) was obtained by probing RNA gel blots of polysomes with 32p.po]y u (see pigs 4 and 5 for examples). These estimates of N agreed well with the previous less direct estimates obtained using conventional sucrose gradient techniques and were then used to calculate Kj (Table   1) . Polysomal poly(A) messages were not detectable in unfractionated polysomes of starved cells ABC DEF GH RNA blots of polysomes of growing cells were probed with 32p-i a beled polyU, a-tubulin and histone H4 probes. The probes and hybridization conditions are described in detail elsewhere (see Methods). (A) Ethidium bromide stain pattern of the polysome gel used for the blots shown in (B-D) . The polysome gel shown in (A) was sectioned and transferred to DBM paper as described in Methods. (B) RNA polysome gel blot probed with 32p-poiyU. (Q RNA polysome blot probed with a cloned a-tubulin probe. The size of the polysomes translating tubulin was estimated using the log-linear relationship of polysome number and distance sedimented as described previously (1) . (D). RNA polysome blot probed with a cloned histone H4 probe. because the majority of the -^P-polyU probe reaction was in the nonpolysomal region of the gradient (Data not shown). This result is not unexpected since previous studies had shown that while starved cells have numerous messages, few of them are loaded onto polysomes (1). Therefore, to measure N for poly(A) messages in starved cells, polysomes were first purified from inactive monosomes by chromatography on Biogel A 15m, a procedure that does not detectably alter the profile of polysomes (3), and then analyzed on polysome gels ( Figure 5Q . Also since monosomes arc largely inactive in protein synthesis (Figure 3 ), this step does not bias the measurement. Note that RNP of less than 30S did not enter gradients shown in Figures 4 and 5 .
Although large differences in the fraction of ribosomes loaded on to polysomes are found in growing, starved and starved-deciliated cells (Figure 2) , Kj for the average message is relatively invariant (3-4 ribosomes per min per loaded message). These values for Kj for polyadenylated messages are in good agreement with our previous indirect estimates (1). Since most if not all messages in Tetrahvmena are polyadenylated (1), we have used the total number of loaded ribosomes (Rioaded) obtained previously (1) to calculate the number of loaded messages (Table 1) . By this estimate, growing cells contain about 2x10? messages loaded for translation. After starvation message loading is reduced ~ 100 fold to 2 x 10^ messages. Deciliarion of starved cells induces a 14 fold increase in message loading.
Measurement of N for Specific Messages
Tubulin synthesis is induced about 150 fold after deciliation of starved cells (2) . The rate of tubulin synthesis in growing cells is also greater than in starved cells by about the same magnitude. To examine the translational efficiencies of a-tubulin mRNA under these very different conditions of a-tubulin protein synthesis, RNA gel blots from polysome gels of growing, starved and starved-deciliated cells were probed with cloned DNA probes containing the sequences for a-tubulin (Drosophila'). Parallel RNA blots were also performed with probes for histone H4 (Yeast or Tetrahvmena^ for comparison. The specificity of these probes has been described previously (25, 26) .
In growing cells the distributions of the specific messages on polysomes were distinctly different from each other and from those of total polyadenylated messages ( Figure 4 ). The majority of histone H4 message was associated with polysomes containing three to five ribosomes (Njj4=4) ( Figure 4D ). a-Tubulin message was found on polysomes containing 15 to 20 ribosomes (N-p =17, Figure 4C ). The difference in N for histones H4 and tubulin (Npi4/NT=0. 24) was verv similar to the difference in the length (L) of these polypepudes (LH4/LT=102/~450=0.23). Polysomes of both messages contained about one ribosome per 25 codons. Kj for histone H4 and a-tubulin messages was about 9 ribosomes per min ( Table 1 ), assuming that Kg for histone H4 and a-tubuhn is the same as that determined for total proteins (1; see Discussion). In growing cells, both messages appeared to be translated with very similar efficiencies, about 2-3 fold greater than for the average message. The distributions of histone H4 and of a-tubulin messages on polysomes appears to be bimodal (Figure 4 ). While the major fraction (-90%) of both messages was contained in a relatively narrow peak distributed about Npj4 or Nf, we repeatedly observed a low concentration of message on monosomes (histone H4) or monosomes to trisomes (tubulin). Because this distribution is distinctly bimodal rather than a smear and because the methods used show little evidence of polysome degradation, we think it likely that it reflects the polysome distribution of atubulin and H4 messages in vivo.
In starved cells, it it necessary to purify polysomes to facilitate visualizaton of individual messages. The method used separates monosomes from polysomes (compare Figs. 2B and 5A) without altering polysome distributions (3) . The distribution of a-tubulin message on polysomes of starved cells was broader and N7 was somewhat smaller than observed in growing cells (Nj=l 1, Figure 5 ). However, Kj for tubulin in these cells (5.4 ribosomes per min, Table 1) is not very different than for growing cells. Little change in the distribution of a-tubulin message on polysomes was observed after deciliation ( Figure 5 ; Table 1 ). A conventional analysis of tubulin polysome size with an l^i-iabeied antibody that detects both a and p tubulin (1, 2) gives the same result, suggesting that the distribution of P-tubulin message on polysomes also shows little or no change after deciliation.
It seems clear that the efficiency of a-tubulin message translation remains relatively constant in growing, starved and starved-deciliated cells. Therefore, most of the induction in tubulin synthesis is the result of increased availability of tubulin messages for translation, not an increase in Kj (Table 1) . Using previous measurements on the relative amount of tubulin synthesis (2) and of ribosome loading onto polysomes (1), we calculate that a starved cell contains about 700 tubulin messages loaded on polysomes (Table 1) . After deciliation the number of tubulin messages loaded on polysomes increases about 150 fold. The number of tubulin messages loaded on polysomes in growing cells is similar to that in starved-deciliated cells at the peak of tubulin synthesis, suggesting that nearly maximal tubulin synthesis may be occurring in both cases.
DISCUSSION
The value of Kj determined here for total Tetrahvmena messages agrees well with that determined previously (1). Using RNA blots of polysome gels to determine the sizes of polysomes containing specific messages, we have observed that Kj for histone H4 and for tubulin mRNAs is 2-3 fold greater than for total polyadenylated messages. In studies described elsewhere (2) we have also measured N (and calculated Ki) using l^^-\abeled anti-tubulin antibodies to detect (a plus p) tubulin synthesizing polysomes. The values of N (and of Ki) determined in that study agree well with those reported here. Thus, it is likely that tubulin messages and H4 messages initiate translation about twice as fast as average messages. However, it is important to note that the methods for determining K\ for histone H4 and for tubulin messages differ slightly from those for bulk messages. For total protein, the elongation rate, K^ was determined (1) as in equation 2
where T is the average time required for a ribosome to translate a message, and L is the average size of newly synthesized peptides. Substituting L/T for K^ in equation 1 yields equation 3:
For bulk messages N and T were measured directly (1 and this report). For histone H4 and tubulin messages Ke was assumed to be the same as for average proteins. This assumption seems warranted by the observation that Kg for bulk proteins does not vary significantly among growing, starved or starved-deciliated cells (1) and by the observation that except for a few recent examples where Ke for loaded cellular messages is reduced essentially to zero by heat shock or viral infection (26, 27) , elongation rates are generally constant on all mRNAs (18) . In addition, using these K« values, the calculated rate of tubulin synthesis in growing and regenerating cells closely matches the rate of tubulin utilization in these cells (2) arguing that they are accurate. Whether or not tubulin messages initiate translation slightly more efficiently than bulk messages, it is quite clear that little or no change in translational efficiency accompanies major changes in the expression of this gene. Tubulin synthesis is induced more than 100-fold by deciliation in starved cells and is approximately equal to the rate of tubulin synthesis in logarithmically growing cells (2) . Equation 1 may be rewritten as follows:
Since the length of a given peptide doesn't change (except in unusual cases), N, the average number of ribosomes per polysomcs is a sensitive indicator of changes in either Kj or Kg. The average numbers of ribosomes per message for total messages (1), total poly A-containing messages, H4 and tubulin messages do not change markedly with growth state or during deciliation. Assuming that the nearly constant elongation rates determined for bulk messages in these cells (1) apply to the specific messages (see above) little variation in the rate of translation initiation of these specific messages is observed (Table 1) to accompany these large differences in protein synthesis.
In growing cells about 60% of total messages are loaded. The percentage of loaded messages is reduced to 4% after starvation and increases to about 40% after deciliation. If, as argued above, the rate of polypeptide elongation is relatively constant, it is possible that the amount of some factor involved in the initiation of message translation limits the rate of protein synthesis in these cells. It then becomes necessary to explain how the cell maintains a near saturating number of ribosomes on loaded messages even though messages are competing for a limiting initiation factor.
Differential affinity of messages for a limiting initiation factor probably cannot explain the relatively high translational efficiency of loaded messages in starved Tetrahvrocna. If such a mechanism is operative in starved cells then, given the values of N observed for tubulin, this message must have a relatively high affinity message initiation site. However, to maintain about the same average polysome size in starved as in growing cells, all of the messages in starved cells would have to have similar high affinity message initiation site. Yet, essentially the same set of complex class (19) and abundant (28) message sequences are found in polysomal and nonpolysomal RNA of growing or starved cells and the concentrations of histone H4 (23) and of tubulin mRNAs (2) in polysomal and non-polysomal RNA are indistinguishable. Differential initiation of messages in its simplest form also cannot explain a bimodal distribution for specific messages on polysomes as observed in growing cells. Thus, we have not obtained any evidence to suggest that differential translational efficiency plays a major role in the induction of tubulin synthesis after deciliation of starved cells or in growing cells.
Based on the messages we have examined thus far (bulk messages and two specific messages) it appears that the regulation of the number of messages available for translation is the major mechanism to regulate the rate of protein synthesis in Tetrahvmena. We have consistently observed that the total message content of Tetrahvmena is greater than the number of messages loaded for translation (1, 3) ; in starved cells a majority of messages are not loaded onto polysomes (23) . Unmasking of an untranslatable form of mRNA could explain the results described here. This mechanism has been postulated to explain the increased loading of messages following fertilization of sea urchin eggs (see 33 for a recent discussion). Such a mechanism requires that the translational machinery be present in excess or that the ratio of translational machinery to message remain constant to eliminate markedly preferential translation of mRNAs with higher than average translational efficiency. Since tubulin mRNA increases 10-15 fold after deciliation but is not preferentially loaded onto polysomes (2), this mechanism also requires that newly synthesized tubulin message be rapidly equilibrated between the masked and unmasked forms of message. Also the hypothetical masking mechanism must not distinguish among bulk messages, tubulin messages or histone messages in growing and starved cells (2, 19, 23, 28) .
Finally, regulation of translation initiation (34, 35) coupled with preferential re-initiation of loaded messages could explain all the characteristics of message loading and translational efficiency that we have observed in Tetrahvmena. Such a mechanism does not require that different messages vary greatly in affinity for a postulated limiting initiation factor or inhibitor of initiation. The bimodal distribution of polysomes that we have observed in growing cells could be a reflection of preferential re-initiation of loaded messages. It has been suggested that after the first initiation of translation, the structure of a message becomes activated such that the affinity of the message initiation site for binding the initiation complex increases (18, 29, 30, 35, 36) . Some unactivated messages, therefore, would be found on small polysomes, while activated messages, which have a greater initiation rate, would be fully loaded with ribosomes. These considerations suggest that, in growing cells, newly synthesized ribosomes should be preferentially recruited into fully loaded polysomes whose activated messages have high affinity initiation sites, while newly synthesized messages should appear first in smaller polysomes. Also, starved and growing Tetrahvmena should differ markedly in the amount of some active form of a critical but non-specific initiation factor for protein synthesis.
In summary, we believe major changes in message loading in Tetrahvmena are likely to be mediated by a non-specific message recruitment or unmasking factor as in oocytes (29) rather than by a more specific message discriminatory factor as in mammalian tissue culture cells (18) .
